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RingC losingM etathesis (C RM ) and
H ydrosilylation Reactions in W aterUsing

Gru bbs 2nd Generation C atalyst

4 mol % G-2

H2O, RT
N

N

N
Cl

N
N

N
Cl

X

X = H, F, OMe
R = Et, Ph

4 mol % G-2

R3SiH, H2O, 50 0C
X X

R3Si

SiR3

V. Polshettiwar & R. S. Varma, J. Org. Chem. 2008, 73, 7417



S olvent-free M ec hanoc hem ic alO xid ative
P reparation ofH eteroc yc les

N

N

NHN CHAr N

N

N

N

PhI(OAc)2

Grind

Ar = C6H5, p-CH3C6H4, p-ClC6H4, p-OCH3C6H4,

m-OCH3C6H4, p-N(CH3)2C6H4,

Ar

Ku m ar, C hand raS ekhar, D hillon, Rao, and Varm a,

Green C hem . , 2 004, 6, 156-157 .



S olvent-free S ynthesis of
ß-Keto S u lfones from Ketones

Ku m ar, S u nd aree, Rao and Varm a,

Tetrahed ron L etters , 2 006, 47 , 4197 -4199.

PhI(OH)OTs

R'SO2Na, TBAB

Room Temperature

R

O

R

O

SO2R'



Dynamics of cavitation bubbles

P

T

~ 5000 K
1700 b

200-700nm



Solvent-free Sonochemical Preparation of
Ionic Liquids

Varma, Namboodiri, O rg.L ett.,4, 3161 (2002)
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Ultrasound-accelerated Oxidation

R1 R
n

R1 R
n

O H
O H

KM nO 4 /t-bu tanol/H 2O

)))), 5-20 m in

R1 = H, C6H5, 4-MeC6H4, 4-MeOC6H4, 4-ClC6H4,

n = 0, 1 and R = H, Br

R. S . Varm a, K. P . Naic ker, Tetrahed ron L ett. , 1998 , 39, 7 463



 M W reac tors operate at 2 . 45 GH z.

 Elec tric field osc illates at4. 9 x 109

tim es/sec –10oC /sec heating rate.

M ic rowaves
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Microwave Dielectric Heating
Mechanisms

D ipolarP olarization
M ec hanism

D ipolarm olec u les try to
align to an osc illating field
by rotation

C ond u c tion M ec hanism

Ions in solu tion willm ove
by the applied elec tric
field
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Keyword s: 198 6-2008 , 7 synthetic c hem istry jou rnals (d om estic and d ed ic ated reac tors)
Fu llText: 2001-2008 , alljou rnals (d ed ic ated reac tors only)

R. Gedye (THL 1986)
Domestic Microwave Ovens

Dedicated Instruments for
Organic Synthesis (yr 2000)

Nu m berofP u blic ations in
M ic rowave-A ssisted O rganic S ynthesis (198 6-2008 )

+14%

+40%

+38 %

+49%

+7 3%

+165%

+7 7 %

Kappe, C. O.; Dallinger, D. Mol .Diversity 2009, 13, 71



Oxidation Reactions

Clayfen, 15–60 sec

IBD–Alumina, 40–90 sec

NaIO4–Silica NaIO4–Silica

0.5–2.5 min
Sulfoxides

Sulfones
Sulfides

R1SR2

O

O

R1 S R2

O

R1 S R2

Solventless / MW

MnO2/SiO2,20-60 sec

IBD/Al2O3,1.5-2 min

CrO3/Al2O3,<40 sec

CuSO4/Al2O3,2-3.5 min

Oxone/Al2O3,2-3 min

Clayfen,15-60 sec

OH

R R' R R'

O

Varma, Green C hem.,1,43 (1999)



S olvent-free Red u c tion Using M W

M W , 0 . 5–2 m in

(62–93%)

W here R1 =C l, M e, NO 2 ; R2 =H ; R1 =H ; R2 =M e, C 6H 5

R1 =R2 =M e,R1 =C 6H 5; R2 =C 6H 5C H (O H );

R1 =p-M eO C 6H 4 ; R2 =p-M eO C 6H 4C H (O H )

NaB H 4-A l2O 3
R1

R2

O
R1

R2

O H

C hem oselec tive red u c tion oftrans-c innam ald ehyd e: olefinic m oiety
rem ains intac tand the ald ehyd e fu nc tionality is red u c ed in afac ile

reac tion.

Varm aetal.,Tetrahed ron L ett.,1997 ,38,4337



Synthesis of Heterocyclic Compounds

Varma etal.: J.C hem.S oc.P erkin Trans.1 , 4093 (1998)

Polshettiwar, Varma, P u re A ppl.C hem.,80 ,777 (2008)

MW, Clay

MW, Clay

2-Aroylbenzo[b]furans
Thiazoles

O

Ar

O

OH

CHO

S

N

R

Ar

H

R NH2

S

N

SN

ArNHHN

S

Ar CH3

O

Ar
OTs

O
MW, KF-Al2O3

HTIB

MW



Early Experim ents Using
Kitc hen M ic rowaves (1998 )

B iginelliM u ltic om ponentReac tion

Kappe, O.; Kumar, D.; Varma, R. S. S ynthesis 1999, 17 99.
Rid ing The M ic rowave Chemical & Engineering News, Dec.13, 2004, 82(50) p14

R
6

E

N

NH

R4

X
OR6

E

R4

O H
NH 2

H N X

R1 R1

+

neator
polyphosphate ester(P P E)

M W , 2 m in

65-95 %



R1 NH NH 2

O

R3

O

R2 N

N

R1

M e/O H

R3+
Neat, M W I

120 oC , 5-15 m in

R1 =A r, A rC O -

R2 =M e, O Et

R3 =H , C l, Et

% Yield s: 95 -99

M ic rowave-assisted synthesis ofpyrazoles u nd erc atalyst-free c ond itions

P reparation ofd iazepines u nd erneatc ond itions u sing m ic rowaves

18Red d y, Varm a, L eazer: Tetrahed ron L etters , 54 , 1538 -1541 (2013)



Microwave Assisted Green Organic Chemistry in Aqueous Medium

S em inalReview A rtic les on these them es su m m arizing ou rin-hou se researc h:

A c c .C hem .Res.,2008 , 41, 629; A c c .C hem .Res.,2011 , 44 , 469-47 8 ; A c c .C hem .Res.,2014, 47 , 1338 -1348
C hem .S oc .Rev.,2008 , 37 , 1546-1557 ; C hem .S oc .Rev.,2012 , 41, 1559-158 4.

P u re A pp.C hem .,2008 , 80, 7 7 7 -7 90 ; P u re A pp.C hem .,2013, 85, 1 7 03-17 10 .
C u rr.O pin.D ru g D isc .,2007 , 10, 7 23-7 37 .

Green C hem .,2010 , 12, 7 43-7 54; Green C hem .,2014, 16, 2 02 7 -2041 .
C oord .C hem .Rev.,291 , 68 -94 (2015); C oord .C hem .Rev.28 7 , 137 -156 (2015).

•S u stainable synthesis ofc hem ic alentities by m ic rowave heating
with nano-c atalysis in water

•Green C hem istry princ iples are ac c om m od ated
viam u lti-fac eted approac h



N-alkylation ofA m ines
u sing A lkylH alid es

R X + NH

R1

R2

NaO H /H 2O

M W
R N

R1

R2

R =A lkyl, allyl R1=H , alkyl, allyl

X =C l, B r, I R2=alkyl, allyl

Ju , Y. ; Varm a, R. S . , Green C hem . 2 004, 6, 2 19-221 .



N-H eteroc yc lization of
A niline D erivatives (d ou ble alkylation)

NH 2 X(C H 2)nX+ N (C H 2)n +2H X

R R

?



MW Synthesis of N-Aryl Azacycloalkanes

N

OH

NH 2 B r
B r

OH

+
K2C O3, H 2O

M W

NH 2 X(C H 2)nX+
K2C O 3, H 2O

M W
N (C H 2)n

where R =H , C H 3, C H 2 C H 3, B r, C O C H 3, C O O C H 2C H 3;

X =B r, I, O Ts; n =3, 4, 5, 6

R R

Ju ; Varm a, Tetrahed ron.L ett.,2005, 46, 6011 .
Ju ; Varm a, J.O rg.C hem . , 2 006, 71, 135.



P ossible Reac tion M ec hanism

Specific MW effect observed as polarity is increased during the reaction
from a neutral ground state to a dipolar transition (more polar) state

NH 2

-H X

N
X

HH
X

B ase
N

X

H

N X
H

-H X

B ase N

X
X

M W

M W

a

b



P hase separation

P hase separation sim plifies the
prod u c tpu rific ation on large sc ale

M W , 20 m in

120 oC , 7 0-100W

A fterreac tionB efore reac tion



Extension ofH eteroc yc lization Reac tion

X XNH N
NNH 2

R R
+

K2 C O 3, H 2O

M W

R =H , M e, C l; X =C l, B r, I, O Ts

N

H
N

R
+

m ajor m inor

K2 C O 3, H 2O

M W
NH 2H C lN

H

C l

C l
+

N

N

Et

Et

K2 C O 3, H 2O

M W
+

H
N

NH 2

C lC l

NN

Ju , Y. ; Varm a, R. S . Tetrahed ron.L ett.2005, 46, 6011 .
Ju , Y. ; Varm a, R. S . J.O rg.C hem .2006, 71, 135.



W orkD u ring M arc h 2008 to M ay 2010 … .

Tea

Vitam ins

S u gar

W ater

P lantExtrac t

W ine
M ic rowave

Tea



Nad agou d a& Varm a: Green C hem istry, 8 , 516, (2006)

•P RO B L EM : Synthesize nanomaterials in a sustainable fashion.
•TEC H NO L O GY S O L UTIO N : Learning from Nature-

Use the elegance of Riboflavin (Vitamin B2) for redox chemistry.
•C URRENT S TA TUS : Self-assembly of nanoparticles demonstrated

Green S ynthesis ofNanom aterials



P RO B L EM : Synthesize
nanomaterials in a
sustainable manner.

TEC H NO L O GY S O L UTIO N :
Learning from Nature- Use
Vitamin B1 in water to do the
reduction and capping.

C URRENT S TA TUS : Aligned
palladium nanoplates
synthesized and toxic
reducing and capping agents
avoided .

Nadagouda, Polshettiwar & Varma: J. Mat. Chem., 19, 2026 (2009)

Green S ynthesis ofNanom aterials



(a-b)P d nanoplates and

(c -d )P d -c atalyzed polypyrrole &
polyaniline

A ligned platinu m
nanoflowers
synthesized u sing
vitam in B 1 in aqu eou s
m ed ia

Nad agou d a, P olshettiwar& Varm a: J.M at.C hem ., 19, 2026 (2009)



Teaforprod u c ing m etalnanopartic les

M etalsalt + =M etalnanopartic le

(A g, A u , P d , Fe etc . )

A g nanopartic le
u sing green tea

P d nanopartic le
u sing green tea

Fe nanopartic les prod u c ed by

this m ethod are u sed by

Veru TEK forsoilrem ed iation

A llpartic les are obtained atRoom Tem p.

Nad agou d a & Varm a: Green C hem istry, 10, 8 59 (2008 )

(U S Patents, 7,963,720, June 21, 2011;
8,057,682 B2, Nov. 15, 2011)



In Situ Formation of Iron Nanoparticle
in Soils with Lemon Balm Extract and Fe(NO3)3

nZVI Formation in Soil
Column Control

Column

Lemon Balm
Extract

Feed Pump

Fe(NO3)3

Feed
Pump



Copyright VeruTEK 2011

Formation of Nanoscale Iron
Green Tea Extract with Ferric Nitrate

Formation of Nanoscale Iron
Green Tea Extract with Ferric Chloride

Fe Nano
Formed

Fe Nano
Formed

Manufacture of Nanoscale Iron Particles with Ferric
Chloride and Ferric Nitrate using Green Tea

Notes: Green Tea extract made by heating a 20 g/L solution of Dry Chumnee Tea for
20 minutes at 90 oC then filtering with paper filter.
Green Tea extract added to 0.1 M Ferric solutions on a 1:2 (v/v) basis.



P RO B L EM : There are ~ 500,000 contaminated sites across the USA. Current cleanup
technology requires excavation and may even generate toxic by-products. Remediating various
environmental toxins in the subsurface and in water at or around these sites is a complex
challenge.

TEC H NO L O GY S O L UTIO N : Through a CRADA (445-08) between EPA’s National Risk
Management Research Laboratory (NRMRL) and the private company VeruTEK in Bloomfield,
Connecticut, EPA green-synthesis technology is being used to further improve VeruTEK’s green
remediation and treatment technologies used in environmental cleanup. This project combines
EPA’s expertise in green synthesis of nanoparticles with VeruTEK’s expertise with surfactant
enhanced in situ chemical oxidation and reduction methods. The benefits from the new green-
synthesis methods over conventionally used processes are: only natural materials are used; no
hazardous waste is produced; reduced processing is required; materials are more stable, easily
stored, and transported; and, materials can be more easily produced around the world.

C u rrentS tatu s:

Demonstrated destruction of contaminated soils

S everalU. S . and W orld wid e P atentA pplic ations filed in 2008 -2010 .

Nad agou d a, H oag, C ollins, Varm a: C rystalGrowth & D esign , 9 , 497 9 (2009);
Rem ed iation A pplic ation: J.M ater.C hem . 19, 8 67 1 (2009);
Toxic ity stu d ies: Green C hem istry, 12 , 114 (2010)-H otA rtic le

Green Rem ed iation

(U S Patents, 7,963,720, June 21, 2011; 8,057,682, Nov. 15, 2011)



S ynthesis ofS ilverand Gold Nanopartic les Using
A ntioxid ants from B lac kberry, B lu eberry, P om egranate

and Tu rm eric Extrac ts

Greenersynthesis ofA g and A u nanopartic les is d esc ribed u sing
antioxid ants from blac kberry, blu eberry, pom egranate, and tu rm eric
extrac ts; waste from fru itand ju ic e ind u stry c an be u tilized .

Nad agou nd a, Iyanna, L alley, H an, D ionysiou , Varm a:A C S S u s.C hem .Eng. , 2 , 1 7 1 7 (2014)
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Nanosc ale , 2 , 7 63(2010)



Dextron Templated
Microwave-Assisted Synthesis

of Porous Titanium Dioxide

The synthesis ofc arbon
c oated titaniaas wellas spongy
kind oftitaniaby m ic rowave
c om bu stion m ethod

The proc ess is very sim ple
and ec o-friend ly protoc olwhic h
u tilizes renewable polym er
d extrose to c reate spongy kind
ofm aterials.

Nad agou d a& Varm a: J.S m artM aterials and S tru c tu res , 15, 1 260 (2006)



Objective

A n alternative rou te to the preparation and form ation
ofporou s titaniapowd ers and c arbon c oated titania
u sing m ic rowave irrad iation

 D extrose was u sed as ac apping agentora
tem plate forthe following reasons:

 High water solubility when compared to other sugar
templates or capping agents

 Combustible material at low temperature
 Inexpensive material

Nad agou d a& Varm a: J.S m artM aterials and S tru c tu res , 15, 1 260 (2006)



(a-c )X-ray m apping im ages of1 : 1 , 1 : 3 and 1 : 5 (titania: d extrose m olar
ratio)c arbon c oated titaniasynthesized u sing M W c om bu stion synthesis.

Green region shows titaniaand red region shows c arbon

Nad agou d a& Varm a: J.S m artM aterials and S tru c tu res , 15, 1 260 (2006)



S EM im ages ofZrO 2 synthesized u sing:

(a)M W -initiated followed by c onventionalheattreatm entat8 50 0C for1 h and
(b)O nly c onventionalheating fu rnac e at8 50 0C for1 h

Nad agou d a& Varm a: J.S m artM aterials and S tru c tu res , 15, 1 260 (2006)



Visible L ightA c tive TiO 2 P hoto C atalyst

C onventionalTiO 2 is UV ac tive. B and Gap 3. 2 eV

Tailoring the band gap forred shift, itis possible to m ake TiO 2 ac tive in visible light

fac ilitating ec onom ic and green pathway forvariou s rem ed iation proc ess

J. Virku tyte, B . B aru wati, R. S . Varm a, Nanosc ale , 2 , 1109 (2010)

B . B aru wati, R. S . Varm a, J.Nanosc i.Nanotec h.,11, 2 036 (2010)

J. Virku tyte, R. S . Varm a, RS C A d vanc es , 2 , 1533 (2012); 2 , 2399 (2012)

TiO 2 Film s: C oord ination C hem .Reviews , 306, 43-64 (2016)

US P atent8 7 91044, Ju ly 29, 2014



D oped TiO 2 M agnetic ally
S eparable Nano-c atalysts

M aterial
d p

a

(nm )

A B ET
b

(m 2 g-

1)

Vp
c

(c m 3

g-

1)

TiO 2 P 25
(A eroxid e® P 25)

21 50 0 . 30

TiO 2-G 5. 0 2 8 0 0 . 35

TiO 2-G-NiFe2O 4 4. 9 21 7 0 . 30

TiO 2-G-NiFe2O 4 5. 8 200 0 . 31

B aru wati, L u qu e, Varm aetal. : Green C hem ., 13, 2 7 50 (2011)



M agnetic P roperties ofthe
TiO 2-G-(Ni, C oFe2O 4)

B aru wati, L u qu e, Varm aetal. : Green C hem ., 13, 2 7 50 (2011)



P hotoc atalytic Transform ation S tu d ies ofM alic
ac id u nd erVisible L ightIrrad iation u sing

Variou s TitaniaC atalysts
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B aru wati, L u qu e, Varm aetal. : Green C hem ., 13, 2 7 50 (2011)



M ic roc ystin-L R rem ovalu sing
M agnetic ally separable N-d oped TiO 2
*In c ollaboration with D r.D ionysiou s D .D ionysiou and D r.M igu elP elaez,Environm entalEngineering
and S c ienc e P rogram ,University ofC inc innati,O H ,US A

http://i.dailymail.co.uk/i/pix/20
08/07/03/article-0-

01CCC35B00000578-
944_468x710.jpg

Qingdao, China
2008

B alu , B aru wati,S errano,C ot,Garc ia-M artinez, Varm a,L u qu e,
Green C hem istry,13,2750-2758 (2013)

 M ic roc ystin-L R (M C -L R)is them ostc om m only
c yanotoxin released from c yanobac teriaharm fu lalgal
bloom s (C yano-H A B s -favored by eu trophic ation).

 C onventionaltreatm entproc esses and c hem ic al
oxid ation tec hnologies have been evalu ated forthe
treatm entofc yanotoxins with variou s resu lts.

 TiO 2 photoc atalysis has been proven effec tive to
rem ove M C -L R in water.

Lawton and Robertson, Chem. Soc. Rev. 1999, 28, 217; Liu et al., Environ. Sci. Technol, 2003, 37 3214.

 M agnetic (TiO 2-G-NiFe2O 4)and non-
m agnetic (TiO 2-G)nitrogen-d oped
TiO 2 nanopartic les have been
previou sly synthesized .

Antoniou et al., Toxicon 2008; Pelaez et al., Appl. Cat. B 2010 & 2012.
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Conditions: Visible light (λ >420 nm). Initial MC-LR concentration: 450 μg/L; pH solution 5.7.

Magnetic N-TiO2 Non-magnetic N-TiO2

 Non-magnetic and magnetic N-TiO2 have proven highly active and efficient in
the removal of MC-LR toxin from aqueous solutions at the conditions tested.

 In particular, magnetic N-TiO2 exhibited a remarkable photodegradation
activity, with complete removal of MC-LR after 5 h of irradiation.

P elaez, B aru wati, Varm a, L u qu e, D ionysiou : C hem .C om m u n.,49 , 1 011 8 (2013)



Microwave-Assisted Reactions
Using Sugar Solutions

Noble
Nanostru c tu res

Noble salt(0 . 1 M ) S u gar
M W

30-40 sec

Exam ples : S u c rose, M altose, glu c ose etc .

Nad agou d a& Varm a: InternationalM ic rowave P owerInstitu te
S ym posiu m P roc eed ings , B oston, pp 217 -219 (2006).



TEM im age ofgold nanostru c tu res obtained u sing high c onc entration of
su gars u nd erm ic rowave irrad iation c ond ition

(a)Glu c ose, (b)M altose and (c )S u c rose

Nad agou d a& Varm a: C rystalGrowth and D esign , 7 , 68 6 (2007 )

Gold Nanostru c tu res



TEM im age of(a-d )gold nanostru c tu res obtained u sing low
c onc entration ofsu garsolu tion u nd erm ic rowave irrad iation

Nad agou d a& Varm a: C rystalGrowth and D esign , 7 , 68 6 (2007 )



S ynthesis ofTherm ally S table C arboxym ethylC ellu lose /
M etalB iod egrad able Nanoc om posite Film s forP otential

B iologic alA pplic ations

(a) (b) (c) (d)

C arboxym ethyl c ellu lose nanoc om posites with
(a)C u , (b)In, (c )Fe and (d )A g

Nad agou d a& Varm a: B iom ac rom olec u les,8 , 2 7 62-27 67 (2007 )



Synthesis of Single-Crystal Micro-Pine Structured
Nano-Ferrites and Their Application in Catalysis

P olshettiwar, Nad agou d a& Varm a, Chem. Commun. 2008 , 6318



Synthesis of Catalyst

NH2

NH2

NH2

NH2

H2N

H2N

H2N

H2N

H2N

H2N
H2N NH2

NH2

NH2

NH2

NH2

H2N NH2

PdPd

Pd

Pd

Pd

Pd
PdPd

Pd

Pd

Pd

Pd

# Convenient synthesis of single-crystal dendritic ferrite with micro-pine
structuration under MW-irradiation conditions.

# Materials were readily prepared from inexpensive starting materials in water
without using any reducing or capping reagent.

# Material was then functionalized and coated with Pd-metal which catalyzes various
C-C coupling and hydrogenation reactions.

P olshettiwar, Nad agou d a& Varm a, Chem. Commun. 2008 , 6318



Polshettiwar, Baruwati & Varma, A C S N ano,3, 728 (2009)

A mongthe top5M ost-A ccessed A rticles in 12months

P RO B L EM : Shape-selective ‘green’
synthesis of nano-metal oxides.

TEC H NO L O GY S O L UTIO N : Utilize
alternative form of microwave
energy in water to do the hydrolysis of
common salts.

C URRENT S TA TUS : Shape-selective
oxides synthesized.

Fe2O3

CoO

Mn2O3

Cr2O3

Green S ynthesis ofNanom aterials
3D Nano-Metal Oxides

MW Synthesis in Water from Simple Salts



S ynthesis ofM onod ispersed Ferrite Nanopartic les
atW ater-O rganic Interfac e

Und erC onventional/M W H yd rotherm alC ond itions

M onod ispersed M Fe2O 4 (M =Fe, M n, C o, Ni) nanopartic les have been
synthesized viaawaterorganic interfac e u nd erboth hyd rotherm aland M W
c ond itions starting with read ily available and inexpensive m etalnitrate and
halid e prec u rsors. The single phase partic les are obtained atatem peratu re
as low as 150 oC u nd erM W c ond itions. The as-synthesized partic les are
d ispersible in nonpolarorganic solvents.

NiFe2O 4 C oFe2O 4 γ-Fe2O3

Baruwati, Nadagouda & Varma, J.P hys.C hem.C , 112, 18399 (2008)



S u rfac e fu nc tionalization rend ers the partic les d ispersible in water

TEM ofthe partic les
d ispersed in water

P hotographic im age ofthe
partic les in waterand hexane

NiFe2O 4
C oFe2O 4

Baruwati, Nadagouda & Varma, J.P hys.C hem.C , 112, 18399 (2008)



W hatis Nano-C atalysis?



56

Nano catalyst acts as a quasi-homogeneous phase
A bridge between homogeneous and heterogeneous



• As simple magnetic anchors • Catalytic bare magnetic
nanoparticles

MNP

Active site
Active site

M agnetic Nanopartic les in C atalysis

M agnetic ally Retrievable C atalysts forA sym m etric S ynthesis
B aig, Nad agou d a, Varm a: C oord .C hem .Rev.28 7 , pp137 -156 (2015)



• Catalytic bare magnetic nanoparticles

MNP
Active site

Iron Oxide NPs Mixed Metal Oxide NPs
M = Fe, Co, Cu, Mn, Zn, Ni

Reduced Metal NPs
M = Fe, Ni, Co, Gd

Metal Decorated Core-
Shell Iron/Iron Oxide NPs

M = Pd, Ru, Cu

Core-Shell M1@M2
either M1 or M2 must be:

Fe, Ni, Co or Pd

FexOy MxFe2O4

M0

FexOy
M

Fe0

M
M

M

M
M2

M1

FexOy

M

M
M

M

M

Metal-Decorated
Iron Oxide NPs

M = Ni, Ru

H u d son, Feng, Varm a, M oores: Green C hem . , 16, 4493-4505 (2014)

M agnetic Nanopartic les in C atalysis



H u d son, Feng, Varm a, M oores: Green C hem . , 16, 4493-4505 (2014)



Magnetically Separable Nano-Catalyst

Recent publications on this theme from our group:
C hem.E u r.J., 15,1582 (2009) C hem.C ommu n.,48, 2582 (2012)

O rg.B iomol.C hem., 7, 37 (2009) Green C hem.,14, 625 (2012)

Green C hem., 11 , 127 (2009) C hem.C ommu n.,48, 6220 (2012)

C hem.C ommu n., 6318 (2008) Green C hem.,14, 2133 (2012)

C hem C ommu n.,1837 (2009) C hem.C ommu n.,49, 752 (2013)

Tetrahedron, 66, 1091 (2010) Green C hem.,15, p392 (2013); 15, p1226 (2013)

Green C hem., 12, 743 (2010) C hem.S oc.Reviews, 42, p3317 (2013)

Green C hem.,13, 2750 (2011) RS C A dvances, 3, p1050 (2013); 4, p6568 (2014)

Green C hem.,14, 67 (2012) A C S S u st.Green E ng.,1,805 (2013); 2, p1699; 2, p2155 (2014)

C u rr.O pin.C hem.E ng.1 , 123 (2012) Green C hem.,16, p2027, p3494, p4137, p4333, p4493 (2014)

Coord. Chem. Rev., 287, pp137-156 (2015)-Asymmetric Synthesis

Homogeneous

Catalysis

Heterogeneous
Catalysis

A Bridge Between



Synthesis of Nano-Catalysts

NH2HO

HO Sonication

RT, H2O

=
O

O

Metal (M)

NH2

NH2

NH2

NH2

H2N

H2N
H2N

H2N

H2N

H2N
H2N NH2

NH2

NH2

NH2

NH2

H2N NH2

NH2

NH2

NH2

NH2

H2N

H2N

H2N

H2N

H2N

H2N
H2N NH2

NH2

NH2

NH2

NH2

H2N NH2

M
M

M

M

M

M

MM

M

M

M

M

Magnetic Nanoparticles

Fe3O4 Fe3O4

Fe3O4

Polshettiwar, Nadaguda & Varma, C hem.C ommu n. 2008, 6318.



Magnetically Recoverable

Ruthenium Hydroxide Nano-Catalyst

Polshettiwar & Varma, C hem.E u r.J.15, 1582 (2009)



No Organic Solvent-
Even in the Work-Up Step

Reaction in P u re A qu eou s M ediu m



Facile One-pot Synthesis of Ruthenium Hydroxide
Nanoparticles on Magnetic Silica

FeSO4.7H2O + Fe2(SO4)3
NH4OH/H2O TEOS RuCl3

1h, 50 oC
18 h, rt 24 h, rt

Fe@SiO2Ru- catalystFe3O4 Fe3O4@SiO2

Scheme 1 One pot synthesis of nano-Fe@SiO2Ru catalyst

Ru

Ru

Ru

Ru

Ru

Ru

Ru

Ru
Fe3O4

Baig, Varma: C hem C ommu n., 48, 6220 (2012)

Aqueous Hydration of Nitriles Using Magnetic Silica
Supported Ruthenium Hydroxide Nanoparticles



Synthesis of Ni-Nano-Catalysts

 Single-phase Fe3O4 nanoparticles

 Size range = 10-13 nm

 Nickel concentration = 8.3 % (ICP-AES)

NiCl2,
NH2NH2

NH2

NH2

NH2

NH2

H2N

H2N
H2N

H2N

H2N

H2N
H2N NH2

NH2

NH2

NH2

NH2

H2N NH2

NH2

NH2

NH2

NH2

H2N

H2N

H2N

H2N

H2N

H2N
H2N NH2

NH2

NH2

NH2

NH2

H2N NH2

Ni
Ni

Ni

Ni

Ni

Ni
NiNi

Ni

Ni

Ni

Ni

Fe3O4

Fe3O4



Magnetically Recoverable

Ni Nano-Catalyst for Reduction

Polshettiwar, Baruwati & Varma, Green C hem., 11 , 127 (2009)



Transfer Hydrogenation of Carbonyl Compounds

Nano Ferrite-Ru

Isopropanol , KOH

MW, 1000C

R'

O

X

R' - Me, Ph,H
X - Cl, Br, NO2, NH2

R'

OH

X
(90-98 %)

Catalyst before reaction Catalyst after reaction

 Catalyst shows excellent
efficiency even after 3 uses

 Negligible metal leaching
as confirmed by ICP-AES

Magnetically separable

Baruwati, Polshettiwar & Varma, Tetrahedron L etters, 50 ,1215(2009)



M agnetic ally Rec yc lable M agnetite-C eria(Nanoc at-Fe-C e)Nanoc atalyst
-A pplic ations in M u ltic om ponentReac tions u nd erB enign C ond itions

Gawand e, Bonifácio, Varm a, B ranc o, Nogueira, Bundaleski,
Ghumman, Teodoro:Green C hem .,15,1226 (2013)



Iron Oxide-supported Copper Oxide Nanoparticles (Nanocat-Fe-CuO):
Magnetically Recyclable Catalysts for the Synthesis of Pyrazole derivatives,

4-Methoxyaniline, and Ullmann-type Condensation Reactions

S helke, B ankar, M haske, Kad am , M u rad e, B horkad e, Rathi, B u nd aleski,
Teod oro, Varm a, Zboril, Gawand e:A C S S u s.C hem .Eng. , 2 , 1699 (2014)



Maghemite-supported Gold (γ-Fe2O3-Au) Nanocatalyst
Catalytic Applications in Organic Transformations

Green C hem istry,, 37 , 4137 (2014)

H igh angle annu lard ark-field sc anning transm ission
elec tron m ic rosc opy (H A A D F-S TEM )

S ynthesis ofm aghem ite-A u

A pplic ation in oxid ative esterific ation and red u c tion
ofarom atic nitro c om pou nd s



Eco-friendly Magnetic Iron Oxide Pillared Montmorillonite
for Advanced Catalytic Degradation of Dichlorophenol

C lay-based iron oxid e nanoc om posite d egrad es d ic hlorophenol
in presenc e ofsaferoxid ants, H 2O 2 , O xone and P erac etic A c id .

Virku tyte and Varm a:A C S S u s.C hem .Eng. , 2 , 1545 (2014)



U S P atentNu m ber:7,858,061

A Novel Efficient and Cost-effective Adsorbents to Capture Vapor-phase
Mercury from Coal-fired Power Plants

Rajend erS . Varm aetal.

Varpor Hg
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-
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Hg2X2

U S P atentNu m ber:7,858,061



M etalIm m obilized P orou s M ineralO xid es as S orbents
for‘ D eep’ D esu lfu rization ofTransportation Fu els

S

S

S

S

S

S

S

R

R

R

R

R

R

R

Thiophene
D erivatives
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Gasoline range

Jetfu elrange

D ieselrange

R-S H , R-S -S -R M erc aptan and su lfid e D erivatives

M olec u larsize

Rajend erS . Varm aetal.

U S P atentNu m ber:8,029,662



Glu tathione as aRed u c ing and C apping agent
forthe S ynthesis ofM etalNanopartic les

O

HN

HO O

HN

H2N
OH

O

O

HS
Glu tathione red u c ed

 A n u biqu itou s tripeptid e and antioxid antpresentin hu m an and plantc ells

 P resenc e ofahighly reac tive thiolgrou pthatc an be u sed to red u c e the m etalsalts

 C om pletely benign natu re

C hoic e ofGlu tathione bec au se …

B aru wati, P olshettiwar, Varm a: Green C hem . , 11, 926 (2009)



M etalnanopartic les in less than am inu te
u nd erM W c ond itions

O ptim ized c ond ition
 50 W powerlevel

 45-60 sec ond s exposu re tim e

 1 : 0 . 15 silvernitrate to glu tathione m ole ratio

S ilverNanopartic les

50 W att, 60 sec ond s with
silver nitrate to glu tathione
m ole ratio 1 . 0 : 0 . 15

100 W att, 60 sec ond s with
m ole ratio 1 . 0 : 0 . 15

7 5 W att, 60 sec ond s with
m ole ratio 1 . 0 : 0 . 15

B aru wati, P olshettiwar, Varm a, Green C hem . 11, 926 (2009)



S ilvertrees form ed on the TEM grid when silvernitrate is notfu lly red u c ed

Form ation ofd end ritic stru c tu res are d u e to the c arbon and c opperin the TEM grid

Gold , P latinu m and P allad iu m Nanopartic les

S ilvertrees: D end ritic nanostru c tu res
A u s J.C hem . , 62 , 260 (2009)

Gold P latinu m P allad iu m

Varm aetal. , Green C hem . 11, 926 (2009)



Nano-Organocatalyst

Truly Sustainable Protocol with

No Use of Organic Solvent-Even in Work-up

Polshettiwar &Varma: C hem.C ommu n.,1837 (2009)

Tetrahedron, 66, 1091 (2010)



Green Chemistry
C overpage Volu m e 12 |Nu m ber9 |S ept. 2010

M agnetic ally seperable organoc atalystforhom oc ou pling ofarylboronic ac id s

R. L u qu e, B . B aru wati, R. S . Varm a: Green C hem .,12, 1540 (2010)



Magnetic Nano-ferrite Supported Heterogeneous Pd Catalyst
for O-Allylation of Phenols in Water

Saha, Leazer, Varma: Green Chem., 14, 67-71 (2011)



Nano Ferrite su pported -Glu tathione c opper(II)c atalyst

B aig, Varm a: Green C hem .,14,625 (2012)



N3
+

N

NN

H2O, MW, 10 min

Nano-FGT-Cu (II)

quantitative yield

1 , 3 D ipolarC yc load d ition Reac tion
C atalyzed by M agnetic Nano-FGT-C u

(II)B im etallic C atalyst

B aig, Varm a: Green C hem .,14,625 (2012)



R1 Br R2

N

N

N

R1

R2MW 120 0C
+ +

H2O, Nano-FGT-Cu

NaN3

23 examples, yield up to 99%R = alkyl, aryl, heterocycle etc.

(Nano-FGT-Cu-active, Nano-DOPA-Cu-inactive) Baig, Varma: Green C hem.,2012, 14,625

Br

O2N

HS

Cl

K2CO3, iPrOH

MW 120 0C

Nano-DOPACu

S

O2N Cl

(Nano-DOPA-Cu-active, Nano-FGT-Cu-inactive) Baig, Varma: C hem C ommu n., 2012, 48, 2582

Ligands defines reactivity

Fe3O4

Nano Ferrite supported DOPA copper (Nano-DOPA-Cu) catalyst
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NH2H2N

H2N
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Cu
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Cu

Cu

C u

NH2
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=



Separation and Measurement of Silver Nanoparticles and
Silver Ions Using Magnetic Particles

S am ple % A gNP s C aptu red by
M agnetic partic les

Distilled Water 99.01±0.21
Tap Water (Las Vegas) 98.05±0.33
Lake Hancock Water 98.18±0.29
San Francisco Bay Water 96.10±1.18

S c ienc e ofthe TotalEnvironm ent: 47 2 , 316-323 (2013)



B io-d egrad able & B io-renewable S u pports



P reparation ofc ellu lose su pported P d -c atalystP reparation ofc ellu lose su pported P d -c atalyst




